In this paper, we consider the electroweak production cross-section of a single anti-topquark, a neutrino and a photon via charged current through the e − p → e −b →tν e γ →t(→
I. INTRODUCTION
The characteristics of the top-quark, mainly the total decay width which is one of the fundamental property of top physics is measured with very good precision from the partial decay width Γ(t → W b). In addition, its huge mass m t = 173.0 ± 0.4 GeV [1] , as well as its anomalous couplings to bosons in the ttγ, ttZ, ttg, W tb,ttH and tqγ vertices, have turned the top-quark into one of the most attractive particles for new physics searches. Measurements of the properties of the top-quark offer an interesting probe to understanding the electroweak sector [2] and physics Beyond the Standard Model (BSM). These and other characteristics have led to developing your own physics program for the top-quark for present and future pp, e − p and e + e − colliders. Therefore, top-quark physics is one of the most attractive topics at the Large Hadron Collider (LHC), as well at the High-Luminosity Large Hadron
Collider (HL-LHC) and High-Energy Large Hadron Collider (HE-LHC). However, at the post LHC era a very attractive and interesting option to study the physics of the top-quark, mainly its anomalous couplings is through the future electron-proton (e − p) hybrid colliders, such as the Future Circular Collider Hadron Electron (FCC-he) [3] [4] [5] [6] [7] [8] . The e − p colliders will open up new perspective in the field of fundamental physics, especially for particle physics.
Several potential features in favor of this type of electron-proton colliders are the following:
1) Would represent the high resolution collider, with the cleaner environment for exploring the substructure and dynamics inside matter, with unmatchable precision and sensitivity.
2) The center-of-mass energies are much higher than that of the future International Linear
Collider (ILC) and the Compact Linear Collider (CLIC). 3) With concurrent e − p and pp operation, the FCC-he would transform the LHC into an energy frontier accelerator facility.
4) With very precise strong and electroweak interaction measurements and with suppressed
backgrounds from strong interactions, the e − p results would make the FCC-he a much more powerful search and measurement laboratory than present laboratories based on pp collisions.
5) The joint pp + e − p facility can become a Higgs bosons and top-quark factory for study the physics of both with an unprecedented impact. 6) For it's high-energy, high-luminosity and while maintaining a very clean experimental environment, the FCC-he has an outstanding opportunity to discover new physics BSM, such as Higgs sector, top-quark physics, exotic
Higgs, dark matter, heavy neutrino, matter-antimatter asymmetry and possible discoveries in QCD. All these topics are being studied very actively. In conclusion, the physics program of high-energy and high-luminosity e − p + pp collisions are vast and contain many unique opportunities. It provides high precision of Higgs boson, top-quark, QCD and electroweak physics complementary to e + e − colliders. Furthermore, e − p is an attractive, realistic option for a future energy frontier collider for particle physics. For an exhaustive study on the physics and detector design concepts see Refs. [3] [4] [5] [6] [7] [8] .
In the first instants of the creation of the universe, the Big Bang should have created equal amounts of matter and antimatter. However, there is an unexplained dominance of matter over antimatter observed in the universe. CP violation offers one explanation for the asymmetry in baryonic matter, however, there are not enough current observed sources of CP violation to account for the total matter-antimatter asymmetry. For this reason, it is necessary to study new sources of CP violation. About this topic, the Electric Dipole Moments In this study, we focus on AMDM (â V ) and the EDM (â A ) of the top-quark. Since the AMDM and EDM of the top-quark is chirality changing it can be significantly enhanced compared to AMDM and EDM of light fermions by the large top coupling.
ν e γ production channel considered here, we find that the proposed FCC-he with √ s = 7.07, 10 T eV , L = 50, 100, 300, 500, 1000 f b −1 can probe the dipole moments of the top-quark with good sensitivity. We focus on two different signals: (i) the hadronic channel with polarized electron beam for P e − = −80, 0, 80 %, and (ii) the leptonic channel with polarized electron beam for P e − = −80, 0, 80 % in thetν e γ final state. We show that sensitivity measuring expected on the electromagnetic anomalous couplings in the ttγ vertex can be probed at 95% Confidence Level (C.L.) with center-of-mass energies √ s = 7.07, 10 T eV and integrated luminosity L = 1000 f b −1 at FCC-he.
AMDM and EDM searches of the top-quark are performed in the Standard Model (SM) and on a variety of physics processes. The sensitivity estimated on the AMDM and EDM of the top-quark in the SM, as well as in different processes and colliders are reported in Table I . Other direct collider probes of the AMDM and EDM have been studied extensively [13, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Plan of the article is as follows: In Section II, we introduce the top-quark effective electromagnetic interactions. In Section III, we sensitivity measurement on top-quark anomalous
Finally, we present our conclusions in Section IV. The SM predicts CP violation outside the K, D and B meson systems is small to be observed. However, in some extensions of the SM, CP violation might be considerably enhanced, especially in the presence of heavy particles as the top quark. In particular, CP-violating EDM of the top-quark could be enhanced.
Single top-quark production processes are sensitive to the anomalous couplings in the ttγ vertex. Furthermore, since the top-quark lifetime is shorter than the timescale of spin decoherence induced by QCD, its decay products preserve information of its polarization by the production mechanism. This provides additional powerful tools in the search for BSM physics in single top-quark studies.
On the other hand, due to the absence so far of any signal of new heavy particles decaying into top-quark, an attractive approach for describing possible new physics effects in a modelindependent way is based on effective Lagrangian. In this approach, all the heavy degrees of freedom are integrated out leading to obtain the effective interactions between the SM particles. This is justified because the related observables have not shown any significant deviation from the SM predictions so far. The Lagrangian describing interaction of the anomalous ttγ coupling including the SM contribution and terms BSM which are related to new physics has the structure:
Here, L ef f is the effective Lagrangian gauge-invariant which contains a series of dimension-six operators built with the SM fields, L
SM is the renormalizable SM Lagrangian of dimensionfour, Λ is the scale at which new physics expected to be observed, C n are Wilson coefficients which are dimensionless coefficients and O (6) n represents the dimension-six gauge-invariant operator. The O (6) n operator and the unknown coefficients C n , combined with Λ −2 , produce the non-standard coupling constants, that is generated anomalous contributions to the photon-top-quark interaction vertex which is similar in structure to radiative corrections in the SM.
The most general Lagrangian term that one can write for the ttγ coupling up to dimension-six gauge invariant operators [14, 16, 18, 34, 35] is:
this equation includes the SM coupling and contributions from dimension-six effective operators. g e is the electromagnetic coupling constant, Q t is the top-quark electric charge and the Lorentz-invariant vertex function Γ µ ttγ is given by:
m t and q are the mass of the top-quark and the momentum transfer to the photon, respectively. Theâ V andâ A couplings in Eq. (3) are real and related to the AMDM and the EDM of the top-quark. These couplingsâ V andâ A are directly related to the a t and d t , via the relations:â
As shown in Refs. [31, [36] [37] [38] , among operators of dimension-six there exist only two relevant for the ttγ interaction operator:
where the index 3 means the 3rd quark generation,q L3 is the quark field, σ µν are the Pauli matrices,φ = iτ 2 φ * , φ is the SM Higgs doublet, W a µν and B µν are the U(1) Y and SU(2) L gauge field strength tensors which are defined as:
with a, b, c = 1, 2, 3. From the parametrization given by Eq. (3), and from the operators of dimension-six given in Eqs. (6) and (7) after replacing <φ >→
give rise to the corresponding CP evenâ V and CP oddâ A couplings:
which are related to the AMDM and EDM of the top-quark. Theâ V andâ A couplings contain υ = 246 GeV, the breaking scale of the electroweak symmetry, sin θ W (cos θ W ), the sine(cosine) of the weak mixing angle and Λ is the new physics scale.
The FCC-eh project [3] [4] [5] [6] [7] [8] offer e − p collisions at TeV-scale center-of-mass energy and luminosities of order 1000 times larger than that of Hadron-Electron Ring Accelerator (HERA), the first and to date the only lepton-hadron collider worldwide, providing fascinating probes of QCD and hadron structure as well as a novel configuration for Higgs boson, top-quark and BSM physics.
The physics highlights are available from combining the capabilities of these facilities they were already mentioned in the introduction. However, a general aspect is to maximize the BSM physics search potential at high energies by exploiting the unique capabilities of an e − p collider.
The most significant top-quark production processes at the e − p colliders are single topquark, tt, and associated tW production. In Ref.
[17] is shown the values of the associated cross-sections for these processes. The main source of production is single-top via the charged current W t-channel [40] , whereas for the signals, tt and tW , the cross-section is minor. In addition, taking into account the advantage of an experimental cleaner environment than the pp colliders, we can anticipate a potential efficiency of these colliders to study the top-quark physics. For the calculation of the charged current cross-section, we consider the CTEQ6L1 PDFs [41] and we apply the following detector acceptance cuts on the pseudorapidity of the photon and the transverse momentum of the photon and the neutrino, respectively, to reduce the background and to optimize the signal sensitivity:
The proposed FCC-he is well-suited for discovering physics BSM and for precisely unraveling the structure of the fundamental physics with unpolarized and polarized electron beam.
In particle physics, polarization refers to the extent to which a particle spin is aligned along a particular direction. The t-channel single-top-quarks of the process e − p → e −b →tν e γ are produced with a strong degree of polarization along the direction of the momentum of the light spectator quark, whose direction then defines the top-quark spin axis. Regarding this subject, the physics in study can be maximized by the use of polarized beams. In this paper shows the important role of polarized beam and summarizes the benefits obtained from polarizing the electron beam. The polarized e − beam, combined with the clean experimental environment provided by the FCC-he, will allow to improve strongly the potential of searches for the dipole moments, which opens the possibility to resolve shortcomings of the SM. With these arguments, we consider polarized electron beam in our study. The formula for the total cross-section for an arbitrary degree of longitudinal e − beams polarization is given by [42] :
where σ e represent the right, left and without electron beam polarization, respectively and P e − is the polarization degree of the electron.
We have implemented ttγ effective coupling corresponding given by the Lagrangian (2) in CalcHEP [43] to compute the tree level amplitudes relevant for the process. The partonic cross-section is convoluted with CTEQ6L1 PDFs [41] . Finally, we use CalcHEP to compute numerically the cross-section σ( √ s,â V ,â A , P e − ) as a function of the center-of-mass energy and effective couplings. We displayed the 7.07 T eV and 10 T eV cross-section of the 2 → 3 process e − p → e −b →tν e γ with P e − = 0%, P e − = −80% and P e − = 80% in Eqs. (14)- (25) for the FCC-he: i) Total cross-section for √ s = 7.07 T eV and P e − = 0%:
ii) Total cross-section for √ s = 10 T eV and P e − = 0%:
iii) Total cross-section for √ s = 7.07 T eV and P e − = 80%:
iv) Total cross-section for √ s = 10 T eV and P e − = 80%:
v) Total cross-section for √ s = 7.07 T eV and P e − = −80%:
vi) Total cross-section for √ s = 10 T eV and P e − = −80%:
Our results given by Eqs. (14)- (25) show the effect of taking −80% beam polarization for electron, which results in the enhancement of the SM and non-SM single-top production cross-section as the cross-section scales as (1 + P e − ), P e − being the degree of polarization of the electron.
The variation of the single top-quark production cross-section with the effective ttγ couplings,â V orâ A and taking one anomalous coupling at a time are shown in Figs. 3-6.
The curves depict the cross-section for e − p → e −b →tν e γ from the 80%, −80% polarized and unpolarized e − beam, respectively, and we fixed the energy of the e − beam E e = 250 GeV , 500 GeV and the energy of the p beam E p = 50 T eV . These figures have shown a stronger dependence of the cross-section on the anomalous couplingâ V (â A ) in the range allowed by these parameters. Our results indicate that considering the proposed 10 T eV energy, detector acceptance cuts (see Eq. (12)) and −80% electron polarization, the cross-sections as a function ofâ V orâ A are higher. For instance, the cross-section projected is Additionally, it is noteworthy that with our process the total cross-sections is a factor O(10 3 ) between pp → pγ * γ * p → pttp and e − p → e −b →tν e γ →t(→ W − → (qq ′ , l −ν l ) + b)ν e γ, indicating that our results project 3 orders of magnitude more higher than the reported in Ref. [16] . These predictions indicate that the sensitivity on the anomalous couplingsâ V andâ A can be measured better at the FCC-he by a few orders of magnitude in comparison with the predictions of the LHC. Tables II-VII is shown the results for the model-independent sensitivity achievable at 95% C.L. for the non-standard couplingsâ V andâ A obtained from an analysis of the process e − p → e −b →tν e γ at the FCC-he. At the FCC-he, we assume the center-of-mass energies √ s = 7.07, 10 T eV and luminosities L = 50, 100, 300, 500, 1000 f b −1 with unpolarized and polarized electron beam P e − = −80%, 0%, 80%. Additionally, we impose the acceptance cuts for the FCC-he given by Eq. (12) and take into account the systematic uncertainties δ sys = 0%, 3%, 5%.
III. MODEL-INDEPENDENT SENSITIVITY ESTIMATES ON THEâ
In order to extract the expected sensitivity at 95% C.L. on the effective operators couplingsâ V andâ A , we compute σ BSM (â V ,â A ) cross-section of the process e − p → e −b →tν e γ as function of the effective couplings as discussed in the previous section, and we assume the measured cross-section to coincide with the SM predictions and we construct the following χ 2 function:
σ SM is the cross-section of the SM and σ BSM ( √ s,â V ,â A , P e − ) is the total cross-section containing contributions from the SM and BSM, while δ st = 1 √ N SM and δ sys are the statistical and systematic uncertainties, respectively. The number of events N SM for the process e − p → and P e − = −80%, 0%, 80%, where only one coupling at a time is varied.
From Tables II-VII, the results for the dipole momentsâ V andâ A , for specific values of √ s = 10 T eV , L = 1000 f b −1 , P e − = −80%, 0%, 80% and δ sys = 0% are as follows:
i) Sensitivity onâ V andâ A for √ s = 10 T eV , P e − = −80% and BR(W − → hadronic):
ii) Sensitivity onâ V andâ A for √ s = 10 T eV , P e − = −80% and BR(W − → leptonic):
iii) Sensitivity onâ V andâ A for √ s = 10 T eV , P e − = 0% and BR(W − → hadronic):
iv) Sensitivity onâ V andâ A for √ s = 10 T eV , P e − = 0% and BR(W − → leptonic): 
A direct comparison of Eqs. (27)- (38) forâ V andâ V shown that the sensitivity is increases up to 12% for the case with P e − = −80% and BR(W − → hadronic, leptonic) that for the case with P e − = 0% and BR(W − → hadronic, leptonic). While from Eqs. (27)- (30) and (35)- (38) the sensitivity is increases up to 67% for the case with P e − = −80% and BR(W − → hadronic, leptonic) with respect to the case with P e − = 80% and BR(W − → hadronic, leptonic), respectively. searches mentioned in Table I and subsection B.
IV. CONCLUSIONS
As mentioned above, due to its sizable ttγ coupling the top-quark is one of the most attractive particles and provides one of the most convincing alternatives to probe new physics BSM, such as AMDM (â V ) and EDM (â A ). Furthermore, the EDM is particularly interesting because it is very sensitive to possible new sources of CP violation in the quark and lepton sectors.
In this paper, we have studied the potential of the FCC-he for sensitivity measuring expected on the electromagnetic anomalous couplings in the ttγ vertex. We consider the single top-quark production mode e − p → e −b →tν e γ with W boson exchange via the t-channel, that is through charged current production. This channel has the largest crosssection and is hence the dominant production mode of single top-quark [45] . Our study is based on the projections for the center-of-mass energies √ s, the integrated luminosity L and the polarization electron beam of the FCC-he. Additionally, we take into account kinematic cuts and systematic uncertainties δ sys = 0%, 3%, 5%. The cut based optimization at 7.07 T eV and 10 T eV , involves a set of selection cuts in various kinematic variables, carefully chosen with the criterion of not being built with kinematic properties of one or part of the decay products of the top-quark, that could in principle bias the sensitivity to the anomalous couplings. These kinematic variables selected for these cuts include η γ , p (14)- (25) and (27)- (38) imply that the process e − p →tν e γ at FCC-he is an excellent option for probing the physics of the top-quark. This makes a future e − p collider an ideal tool to study the electromagnetic properties of the top-quark through the ttγ vertex.
From Tables III, V Table I and Refs.
[13, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . 
FIG. 2:
Feynman diagrams contributing single top-quark production through charge current at e − p collider via the subprocess e −b →tν e γ. 
